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Abstract 
 
The need for individual comfort led to the development of personalized HVAC systems. These systems have positive impact on 
human thermal comfort and allow to achieve energy reductions due to more effective localized energy use. However, the process 
control of these personalized conditionings systems is still rather traditional and not really optimal. A novel approach to process 
control of the personalized HVAC systems by using the human body as a sensor in the control loop. The skin temperature of 
specific body parts play a prominent role in thermal comfort, particularly in cool environments. A proof-of-the-concept study 
showed the potential of such a process control concept. In this paper the results of several experiments, focussing on the behaviour 
of especially the fingers are compared and discussed. This showed the fingers to be most suited to monitor and to use as an indicator 
for the thermal comfort control of personalized heating systems. 
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1. Introduction 
 
Personalized conditioning systems have been proved to positively impact the thermal comfort and along with that to 
have the ability of energy reductions with the proper control strategy [Wang et al 2007, Schiavon & Melikov 2009; 
Filippini 2009, Zhang et al. 2010, Schiavon et al. 2010, Veselý & Zeiler 2014]. From a first series of experiments it 
was concluded that the fingertip skin temperature is a critical performance indicator for radiant heating in a mild 
cold office environment. The question remains: can the radiant heating system feed-forward respond on users’ thermal 
preferences by using this Critical Performance Indicator as control signal? A number of experiments were performed 
to answer this question. The hypothesis that the finger temperature can be used as feedback control signal for automatic 
regulation of the radiant hand-heating system was tested for different finger temperature bandwidths. Thereby, the 
objective  was to  determine  whether the system was able to  feed-forward  respond  on user    thermal 
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10min 
preferences. A schematic overview of the experiments is shown in Fig. 1. The applied set-points differ according to 
the bandwidth applied. The user thermal- sensation and preferences were assessed by a questionnaire. 
 
 
 
Figure 1. Schematic overview of the experiments: the finger skin temperature is used as a feedback control signal for automatic regulation of the 
radiant hand-heater, consisting of two reflector heating lamps. 
 
2. Experimental set-up 
 
A hand-warmer system was used consisting of two incandescent reflector heating lamps. At maximum temperature 
the heating lamps emit mostly in the IR-A and IR-B wavelengths. A dimmer was used to decrease the temperature 
level and thus the radiation heating intensity. The total supplied power was 98W. During all experiments, the basic 
room air temperature was controlled between 19.5-20.0°C, which was below the thermo-neutral zone  of the subjects. 
For this reason, the upper-extremity skin temperature was presumed to decrease. When finger skin temperature 
reached a predefined lower limit, the hand-heating system was switched on. The heating system was switched off 
when skin temperature reached the upper limit. Skin temperature was then allowed to drop, and used as control signal 
again. The turn-on and turn-off temperature differs significantly to ensure sufficient influence on thermal 
sensation. The difference between these skin temperatures is called bandwidth. The cases are ranked according 
to the size of this bandwidth, namely small, medium and large, table 1. 
Table 1. 
 
 
During the sessions, the subjects performed office tasks on their own laptop. The metabolic heat production was 
assessed 1.2 met (1met=58Wm-2). A thermal acclimatization time of 20 minutes was applied to ensure the subject’s 
upper-extremity skin temperature was in the neutral zone at the start of the session. Thereafter skin temperature 
sensors were attached. The total duration of the experiment was 3.5h, see Fig. 2. 
 
 
Figure 2. Time schedule applied during the experiments. 
 
The time differs from the first series of experiments, so that the bandwidth can be tested several times per session. 
The subjects wore office clothing of 0.82clo. In order to investigate whether the proposed control algorithm is  able 
to respond to user thermal preferences a questionnaire was applied. Thermal preferences were asked every 10 
minutes during the entire session. The user was able to indicate if a warmer, neither warmer nor cooler, or a cooler 
environment was preferred. In addition, local- and overall thermal sensation, and thermal acceptability  were assessed 
with the ASHRAE standard 7-point thermal sensation scale. These subjective responses were collected and correlated 
to the measurement results. In the predictive model of current thermal comfort standards the points on the ASHRAE 
7-point scale correspond to the points in the Predicted Mean Vote (PMV). The PMV was statistically 
Acclimatization Sensors Cases 
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linked to percentage of people that would be dissatisfied with certain environmental conditions (PPD). Neutral 
thermal sensation is usually assumed to provide the highest comfort [Vesely and Zeiler 2014]. 
The infrared measurement data was real-time used as control signal for regulation of the hand-heater. An matrix skin 
surface area was selected at the 3rd finger of the left hand of the subject. The mean local skin temperature (µ) was 
used as the controlled variable. To avoid large fluctuations in the control signal the moving average signal (over 
120s) was used. This resulted in a more smooth controlled profile. In order to assess the level of whole body 
cooling, the mean skin temperature was also measured. The skin temperature was measured continuously at 1 min 
intervals by iButton sensors [Van Marken Lichtenbelt et al., 2006, Vissers et al 2014] placed at 14 predefined 
locations on the body according to ISO 9886. The mean skin temperature is calculated according to equation 1. ͳͶͳ
ǡൌͳͶሻǡ
ൌͳ ሾԨሿ (1) 
3. Results 
 
The measurement results of the experiments were performed for respectively the small, medium and large bandwidth. 
Using the applied bandwidths it should be possible to assess whether the critical performance indicator (CPI) is able 
to feed-forward respond to the thermal preferences of the user. Here only the results of the experiment are shown in 
which the upper-extremity skin temperature was controlled in a small bandwidth (29-31.5°C), see Fig. 
3. The hypothesis was that within this bandwidth the thermal sensation remained neutral or higher, and that no extra 
warmth was preferred. The primary vertical axis shows the moving average fingertip skin temperature measured by 
IR thermography. The secondary vertical axis indicates if the hand-heating system was activated (1) or deactivated 
(0). Next the overall thermal sensation (WB-TS) and local thermal sensation of the hands (TS-hands) are shown on 
the 7-point ASHRAE thermal sensation scale, see Fig. 3. The user preferences for a warmer, neither warmer nor 
cooler, or a cooler environment as well as the mean environmental conditions and corresponding standard deviation 
(SD) are also presented. To assess the thermal environment (without personal heating), the PMV was calculated 
according to the thermal sensation model of Fanger [1970]. Additionally, the mean skin temperature of the different 
body parts are included for comparison of the different cases, see Table 2. 
From t=0 until t=50min, no hand-heating was required because the fingertip skin temperature did not reach the 
lower limit of the small bandwidth. After these 50min, a strong decrease in fingertip skin temperature was observed. 
After reaching the lower limit (29°C), the hand-heating was switched on until the finger temperature reached the 
upper limit (31.5°C). This pattern was repeated during the rest of the experiment. Throughout the entire session, 
there were only two moments that the user preferences were not maintained at the desired ‘neither warmer nor 
cooler’ level. This happened directly after the break (t=140min) and at the end of the session (t=190min). In general, 
it was possible to maintain the thermal sensation at neutral or higher, and to keep user preferences unchanged. 
 
Table 2. 
 
Ta [°C] Tr  [°C] Va [ms-1] RH [0-1] PMV [-] 
Tsk,mean 
[°C] 
Mean±SD 19.9±0.1 20.2±0.2 0.07±0.02 0.48±0.05 -0.62±0.05 32.1±0.3 
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Figure 3. Measurement results and results of questionnaires to determine thermal response of different body parts 
2770   Wim Zeiler et al. /  Energy Procedia  78 ( 2015 )  2766 – 2771 
4. Discussion on measurement results and conclusions 
 
In Fig. 4 the finger temperatures and overall thermal sensation as measured in the study by Vissers[2012], are 
compared to the results obtained by Wang et al. [2007] and Veselý [2014b]. 
 
 
Figure 4. Comparison of the finger temperature and overall thermal sensation as measured in the study of Vissers [2012], the results obtained by 
Wang et al. [2007] and [Veselý & Zeiler 2014b] for different room temperatures. 
 
The results of Wang show a much larger dispersion in thermal sensation votes. This can be explained by the wide 
range of temperatures (17.5~20.7°C) in which in the indoor temperature was controlled, in comparison to this study 
(19.6-19.9°C). In addition, Wang applied convective heating instead of radiant heating. The range of skin 
temperatures fluctuating near-neutral (26-32°C) is much larger for this study, however Wang [2007] only performed 
limited measurements in this range which makes the comparison complicated. In this study by Veselý & Zeiler 
[2014b], the subjects were exposed for two hours to a uniform thermal environment with operative temperature of 
18°C, predicted mean vote -2 to -1). From Fig. 4 it follows that at lower temperatures there is quite a range of 
thermal sensation by a given fingertip temperature. The data points out a risk of cold discomfort mostly clustered 
under a fingertip temperature of 30°C and thermal sensation under neutral. 
By controlling the finger temperature in a small bandwidth (T=29-31.5°C), it was possible to respond on user 
thermal preferences. Small changes in the skin temperature (≤2.5K) were not perceived as cool by the subjects. The 
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minimal observed cooling time of the finger temperature in the small bandwidth took about 5min. This time was 
available for detection and reaction by the heating control system. The proof-of-the-concept study showed the 
potential of such a process control concept. In this paper the results of several experiments, focussing on the 
behaviour of especially the fingers were compared and discussed. This showed the fingers to be suited to monitor 
and to use as an indicator for the perceived thermal comfort control of personalized heating systems. 
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